The understanding of how the reinforcement is represented in the central nervous system during memory formation is a current issue in neurobiology. Several studies in insects provide evidence of the instructive role of biogenic amines during the learning and memory process. In insects it was widely accepted that dopamine (DA) mediates aversive reinforcements. However, the idea of DA being exclusively involved in aversive memory has been challenged in recent studies. Here, we study the involvement of DA during aversive and appetitive memories in the crab Chasmagnathus. We found that DA-receptor antagonists impair aversive memory consolidation, in agreement with previous reports in insects, while administration of DA facilitates memory formation after a weak training protocol. In contrast, DA treatment during appetitive training was found to impair formation of long-term appetitive memory. In addition, as a first step in elucidating the neuroanatomical correlates of DA action on memory, we mapped dopaminergic neurons in the central nervous system of the crab. Results of the current study, together with those obtained in a previous work about the role of octopamine (OA), suggest that both amines (DA and OA) play a dual action in memory processes. On the one hand, DA and OA mediate the aversive and the appetitive signals, respectively, throughout training, while on the other hand, they interfere with the formation of memory of the opposite sign (DA in appetitive and OA in aversive). Our results support a new understanding about the way appetitive and aversive stimuli are processed during memory formation to ensure adaptive behavior.
An intriguing issue in the study of associative learning is to determine which neurochemical mechanisms underlie memory representations in the brain. Invertebrate models are particularly useful for tackling this question at the behavioral, cellular, and molecular levels (Heisenberg 2003; Giurfa 2006; Menzel et al. 2006) . In this sense, recent studies in insects have shown that two monoamines, dopamine (DA) and octopamine (OA), can substitute, respectively, for the aversive and appetitive reinforcements used in conditioning (Schwaerzel et al. 2003; Schroll et al. 2006; Unoki et al. 2006; Vergoz et al. 2007 ). In Drosophila it was demonstrated that transgenic flies defective in DA or OA synthesis exhibited defects in aversive learning with electric shock or appetitive learning with sucrose reward, respectively (Schwaerzel et al. 2003) . Subsequent studies in fruit flies confirmed that dopaminergic neurons indicate electric-shock punishment during aversive olfactory conditioning in larvae (Schroll et al. 2006; Honjo and Furukubo-Tokunaga 2009; Selcho et al. 2009 ) as well as in adult flies (Riemensperger et al. 2005; Claridge-Chang et al. 2009; Tomchik and Davis 2009; Aso et al. 2010) , while octopaminergic neurons convey signals for sucrose reward (Schwaerzel et al. 2003; Schroll et al. 2006) . Furthermore, the roles of DA and OA in conveying aversive or appetitive reinforcement signaling have also been demonstrated in honeybees' olfactory and gustatory conditioning (Hammer and Menzel 1998; Farooqui et al. 2003; Vergoz et al. 2007; Wright et al. 2010 ) and in crickets' olfactory and visual conditioning (Unoki et al. 2005 (Unoki et al. , 2006 . With few exceptions (Kim et al. 2007; Selcho et al. 2009 ), these studies suggest separate mechanisms for aversive and appetitive processing, supported by DA and OA, respectively.
However, the idea of each amine being exclusively involved in one type of memory was challenged by a study in our laboratory, performed on the crab Chasmagnathus (Kaczer and Maldonado 2009) . It was demonstrated that OA is necessary for appetitive memory formation, in coincidence with the above findings in insects, but, remarkably, OA was also found to impair aversive memory consolidation. In addition, OA revealed an inhibitory action on the reconsolidation phase of aversive memory (Kaczer et al. 2011) . These results unraveled a novel process of action for a biogenic amine in learning, showing that it acts with divergent roles in two memory processes of opposite signs. The same finding was recently confirmed in honey bees (Agarwal et al. 2011) , suggesting that the postulated dual action of OA is conserved across species. An interesting question is whether or not such dual function could be extended to DA, the putative punishment mediator.
To address this question, we made use of a well-characterized model for the study of aversive and appetitive memory, the crab Chasmagnathus granulatus (Maldonado 2002) . The aversive learning paradigm is based on the crab's escape response elicited by the presentation of a visual danger stimulus (VDS). Upon iterative presentation of the VDS, a decline in escape response is observed. This decline persists at least 5 d (Pereyra et al. 2000) , and it has been shown to result from an association between the training context and the VDS, since a training-to-test context shift abolishes memory retrieval (Tomsic et al. 1998; Hermitte et al. 1999) . Additional convincing arguments about the associative nature of this learning and memory paradigm were obtained from studies performed to examine memory reconsolidation in this model. Those experiments showed that the mere re-exposure of the crab to the learning context provokes a labilization of the reactivated memory (e.g., Pedreira et al. 2002 Pedreira et al. , 2004 Pedreira and Maldonado 2003) . This result is consistent with the idea that the context becomes a predictor of the VDS presentation. Concerning appetitive learning, food is used as a positive reinforcement, which becomes associated with the context where it was received. The outcome of this learning protocol is a longlasting memory, expressed by an increase in exploratory activity when the crab is reinstalled in the same context (Kaczer and Maldonado 2009 ). In order to make comparisons between aversive and appetitive memories more feasible, we used the same training context in both learning paradigms.
In the present work we analyzed the involvement of DA in aversive and appetitive memories in the crab Chasmagnathus. Furthermore, we made the first description of dopaminergic pathways in the central brain of this species.
Results

DA-receptor antagonists impair consolidation but not acquisition of an aversive memory
We first aimed to analyze the role of DA in an aversive memory paradigm. Thus, we performed a series of experiments evaluating the effect of three DA-receptor antagonists whose effectiveness has been previously reported for other invertebrates: chlorpromazine (Mustard et al. 2003) , fluphenazine (Degen et al. 2000) , and SCH23390 (Blenau et al. 1998) . We performed three different experiments, each containing two pairs of U-T groups, in which the T groups were given a series of 15 VDS trials, while the U groups remained in the experimental arena without VDS presentation. In all cases, a saline-injected pair was included (SAL pair), and the other pair received an injection of a DA-receptor antagonist, chlorpromazine 1 mM (CPZ pair), fluphenazine 1 mM (FLU pair), or SCH23390 1 mM (SCH pair). Injections were applied 30 min before training. Results of the testing session are shown in Figure 1 . Planned comparisons revealed a significant difference between the U-SAL and T-SAL groups in the three experiments (CPZ experiment: F (1,70) ¼ 9.68, P , 0.01; FLU experiment: F (1,81) ¼ 7.57, P , 0.01; SCH experiment: F (1,87) ¼ 7.50, P , 0.01). The observed differences correspond to the longterm memory retention normally expected after a strong training protocol. On the other hand, no differences were disclosed between U-T groups in the CPZ pair (F (1,70) ¼ 0.05, P ¼ 0.83), the FLU pair (F (1,81) ¼ 0.93, P ¼ 0.34), or the SCH23390 pair (F (1,87) ¼ 1.35, P ¼ 0.25). From these, we conclude that DA-receptor antagonists impair aversive memory retention at 24 h, suggesting that DA signaling may be involved in aversive memory formation.
Considering the above findings, it is important to discern whether DA-receptor antagonists impair the acquisition or the consolidation of aversive memory. To solve this issue, we analyzed the animals' responses during the training session, performed 30 min after drug injection (Fig. 2) . Statistical analysis based on a two-way ANOVA with repeated measures (trials) showed no significant differences between T-SAL and either T-CPZ, T-FLU, or T-SCH groups (CPZ experiment: (4, 192) ¼ 0.82, P ¼ 0.52). Thus, at least for these concentrations, the drugs proved not to affect the animals' responsiveness during training. These results indicate that the memory deficit is due to an interference of the DA-receptor antagonists with the memory consolidation phase. Moreover, the fact that these drugs do not influence the naive escape response (first training trial, Fig. 2 ) rules out the possibility of an effect of the drugs on perception of the VDS or escape motor patterns.
The purpose of the following series of experiments ( . In all cases, the experimental protocol included two U-T pairs: one pair was injected with saline solution (SAL pair) and the other with 1 mM chlorpromazine (CPZ pair). Statistical analysis of testing session (Table 1) indicates an impairing effect of chlorpromazine only when it was applied 30 min before training. No deleterious effect was disclosed for injections at 45 or 15 min before training or for the post-training administration. In conclusion, the amnesic effect of chlorpromazine is restricted to an early stage of aversive memory formation during training.
In the experiments reported above, we concluded that DA-receptor antagonists do not impair learning, as is shown from the unaffected performance during training. However, the same antagonists prevent memory retention 24 h after training. These results suggest a short lasting memory responsible for the decrease in escape response during training, which is not affected by DAreceptor antagonists, and a late memory trace that requires DA signaling during training. In the next experiment we asked when the DA-dependent memory emerges after training. Two pairs of U-T groups were used: a SAL pair (injected with saline solution) and a CPZ pair (injected with chlorpromazine 1 mM), injected 30 min before training. The testing session was carried out 3 h after the end of training (Fig. 4) . Planned comparisons revealed a significant U-T difference in SAL pair (F (1,89) ¼ 7.46, P , 0.01), but not in the CPZ pair (F (1,89) ¼ 0.01, P ¼ 0.94). Thus, memory is already impaired by chlorpromazine 3 h after training.
DA facilitates a weak aversive memory
In the previous section it was demonstrated that the inhibition of endogenous DA produces memory impairment. Here, we use a complementary analysis in order to evaluate the role of DA in aversive memory formation. We addressed whether it is possible to enhance a weak aversive memory by increasing DA internal levels. Thus, in the following experiment we used a weak training protocol, in which T groups received five training trials that are insufficient to generate long-term memory (Delorenzi et al. 2000) and analyzed a possible facilitatory effect of DA. Two pairs of U-T groups were included: a saline-injected pair (SAL pair) and a DA 0.1 mM-injected pair (DA pair). Results corresponding to the testing session (performed 24 h after training) are shown in Dopamine in aversive and appetitive memories www.learnmem.org difference (F (1,75) ¼ 5.31, P , 0.05) is found in the DA-injected pair. Thus, this result reveals that, by increasing DA levels during training, it is possible to facilitate aversive memory formation, mimicking the effects of a strong training protocol. Next, we asked whether the facilitatory effect of DA on aversive memory is due to the action on its specific receptors. If that is the case, we may prevent this effect by coinjecting DA with a DA-receptor antagonist. Thus, we performed an experiment including three U-T pairs: a saline-injected one (SAL pair), a DA 100 mM-injected pair (DA pair), and a pair injected with a cocktail of DA 0.1 mM + fluphenazine 0.1 mM (FLU + DA pair). Note that the concentration of fluphenazine used in this experiment is 10 times lower than the concentration previously used to induce amnesia after a strong training protocol. The results are shown in Figure 6A . Planned comparisons showed no U-T differences in the SAL pair (F (1,127) ¼ 0.99, P ¼ 0.32) and the DA + FLU pair (F (1,127) ¼ 0.05, P ¼ 0.83), whereas a significant difference (F (1,127) ¼ 7.54, P , 0.01) is found in the DA-injected pair. Thus, the facilitatory effect of DA can be blocked when the amine is coadministered with its antagonist.
In addition, we analyzed the animal's responses during training to evaluate whether DA improved memory acquisition. Statistical analysis (two-way ANOVA with repeated measures) showed no significant differences between T-SAL and either T-FLU or T-FLU + DA groups (F (2,66) ¼ 0.75; P ¼ 0.48), significant differences among trials (F (2,132) ¼ 38.18; P , 0.001), and no significant interaction between factors (F (4,132) ¼ 0.82; P ¼ 0.51) ( Figure 6B ). We conclude from these results that DA does not modify the animals' performances during training. Thus, the facilitatory effect of DA occurs during an early phase of memory formation, via the action on its specific receptors.
Briefly, we have demonstrated that DA is required for the consolidation of an aversive memory, but not for its acquisition. In addition, the amnesic effect of DA-receptor antagonists occurs within a very narrow time window (230 min) and emerges at least 3 h after training session. Finally, we found that by increasing DA levels it is possible to enhance aversive memory after a weak training protocol.
DA interferes with appetitive memory formation
In the following series of experiments we analyzed whether DA plays any role in the appetitive memory paradigm in crabs. Firstly, we carried out an experiment to address whether DA affects appetitive memory formation. The appetitive training procedure and the evaluation of appetitive memory were performed according to Kaczer and Maldonado (2009) . During the training session, T groups were placed in the training context and received food after 5 min of exploration, whereas U groups remained in the training context without food throughout the whole session. Two pairs of U-T groups were used: a SAL pair, injected with saline solution, and a DA pair, injected with 0.1 mM DA. Based on the results obtained in the aversive paradigm, all injections were administrated 30 min before the beginning of a training session. Importantly, we measured the exploratory activity displayed before food was delivered into the training context. No difference was observed between SAL-and DA-injected animals, indicating that the crabs' exploratory activity was not influenced by DA during training (data not shown). After finishing the training session, we confirmed that both trained groups completely consumed the food pellet provided as US. The testing session was performed 48 h after training, i.e., 48.5 h after DA injection. This 2-d interval between training and testing allow us to clearly separate the time of injection from the time of retrieval. Also, it has been previously shown that after 2 d, this memory is well consolidated. Results of exploratory behavior during the testing session are shown in Figure 7A . Planned comparisons revealed a significant difference between U-T groups (T . U) of the SAL pair (F (3,116) ¼ 5.43, P , 0.05), whereas no significant differences were disclosed between DA-injected U-T groups (F (3,116) ¼ 0.08, P ¼ 0.78). Thus, the same doses of DA that previously showed a facilitatory effect on aversive memory now reveal an amnesic effect on appetitive memory.
Secondly, to confirm and expand the previous result, we wanted to disclose whether the memory impairment effect of DA is actually a consequence of an action on specific receptors. Therefore, we analyzed whether we could revert the amnesic effect of DA with a DA-receptor antagonist. The experiment included three pairs of groups: a SAL pair, injected with saline solution; a DA pair, injected with 0.1 mM DA, and a group injected with a cocktail of 0.1 mM DA + 0.1 mM FLU (DA + FLU pair). Results corresponding to the test session are shown in Figure  7B . Planned comparisons revealed a significant difference (T . U) between U-T groups of the SAL pair (F (1,174) ¼ 15.20, P , 0.001), as well as the DA + FLU pair (F (1,174) ¼ 6.30, P , 0.05), but no significant differences are disclosed between DA-injected U-T groups (F (1,174) ¼ 0.09, P ¼ 0.77). We can conclude from this that DA amnesic effect on appetitive memory is due to the action of this amine over its specific receptors. 
Dopaminergic immunolabeling in the brain of Chasmagnathus
The previous results provided us motivation for localizing dopaminergic neurons in the brain of the crab Chasmagnathus granulatus. We describe the localization of cells and axons containing tyrosine hydroxilase (TH), the key enzyme in the biosynthesis from tyrosine to DA in the central nervous system of the crab. Previous immunohistological studies in related crustaceans have shown that antibodies against dopamine and against TH yield highly consistent staining patterns (Cournil et al. 1994; Wood and Derby 1996) and validate the use of anti-TH as a reliable marker of dopaminergic neurons in crustaceans. The brain of decapod crustaceans consists of a protocerebrum, a deuterocerebrum, and a tritocerebrum. The protocerebrum is divided into three parts: the optic ganglia and the lateral protocerebrum, both located inside the eyestalks, and the median protocerebrum, which is anatomically part of the supraoesophageal ganglion together with the deutero-and the tritocerebrum. The optic ganglia are in turn subdivided into three neuropils: the lamina ganglionaris, the external medulla, and the internal medulla (Sandeman 1964) , sequentially organized from periphery to center, which are assumed to perform visual processing with increasing degrees of integration (Sztarker et al. 2005) . Interestingly, we found TH-immunoreactive neurons in all of the observed ganglia of the central nervous system that project locally and to distant targets. In the optic ganglia (Fig. 8A,B) , we found immunoreactive cell bodies in the cluster 2 located in the distal rim of the external medulla and a homogeneous staining in the region that corresponds to columnar projections of the stained somas. A high TH immunoreactivity was also found in a fraction of somas of the cluster 3 attached to the internal medulla and in the corresponding columnar neurons of the same neuropil. The TH-staining patterns in the external and internal medulla reveal several transversal layers, which presumably correspond to synaptic regions among columnar neurons, as well as with tangential neurons that collect retinotopic information (Sztarker et al. 2005) . Interestingly, these neurons were previously shown to process the visual information of the aversive stimulus used in this study (Tomsic et al. 2003) .
The lateral protocerebrum does not show a geometrically organized TH staining as the optic ganglia neuropils (Fig. 8A) . A fraction of TH-positive somas were found in two clusters localized adjacent to the lateral protocerebrum. Some of these neurons show arborizations that vanish in thin fibers locally and produce a dotted pattern presumably related to dopaminergic terminals all over this region, while some other fibers project to the protocerebral tract toward the supraoesophageal ganglion. Adjacent to the lateral protocerebrum, the sinus gland and the X-organ, two important neurohemal glands, show intense TH-immunoreactivity (data not shown), consistent with the well-documented role of DA as a neurohormone (Christie 2011) .
In the supraoesophageal ganglion, TH staining reveals a complex network of neurons that interconnect neuropils inside this ganglion and with other ganglia (Fig. 8C,D) . Approximately 20 TH-positive fibers can be visualized coming from the eyestalks and connecting with the supraoesophageal ganglion. The majority of these fibers run through the protocerebral tract, while a few of them do it through the olfactory glomerular tract and the oculomotor nerve. Some fibers arborize in the central body and in the anteromedial protocerebral neuropils, and then enter the contralateral protocerebral tract. We did not find any cluster or tract in the supraoesophageal ganglion that was homogenously stained with the anti-TH antibody. In contrast, TH-positive cells are spread in several clusters with a strict bilateral distribution.
Immunoreactive somas neighbor nonstained ones, revealing the neurochemical heterogeneity of all clusters. Consistent with previous reports from other crustaceans, a major fraction of TH-positive cells are located in the cluster 6, a prominent cluster placed in the anterior margin of the supraoesophageal ganglion (Cournil et al. 1994; Fort et al. 2004) . Although the projections of these neurons do not share a common arborization pattern, all of them could be traced reaching distant neuropils in the supraoesophageal ganglion. Two conspicuous TH-positive fibers entered the olfactory lobe and arborized in the neuropils. Several conspicuous TH-positive neurons were consistently recognized in all preparations and two of them matched previous descriptions performed in other crustaceans. The latter are the paired L cells whose soma and axon are recognizable in the circumoesophageal connective (Fort et al. 2004 ) and the paired Br cells previously described in Homarus gammarus (Beltz 1999) . The Br cells show a prominent cell body located in the cluster 16, adjacent to the olfactory lobe, and arborize bilaterally in the whole supraoesophageal ganglion, anterior and posterior neuropils, also sending projections to the circumoesophageal connective. In summary, dopaminergic neurons are widely distributed in the brain of Chasmagnathus. While in the optic ganglia TH-positive neurons seem to be part of local arrays involved in visual processing, in the rest of the brain, dopaminergic neurons project distally, interconnecting several neuropils.
Discussion
In the present study we have analyzed the role of the dopaminergic system in the formation of aversive and appetitive memories in the crab Chasmagnathus. Our results reveal that DA has a divergent role in these two memory processes. On the one hand, we found that DA is required during aversive memory consolidation, in agreement with previous results obtained in several insect species (Schwaerzel et al. 2003; Unoki et al. 2005 Unoki et al. , 2006 Vergoz et al. 2007 ). On the other hand, DA treatment during training was found to impair formation of long-term appetitive memory, a function that has not been described until now. Finally, as a first step to elucidate the neuroanatomical correlates of DA action on memory, we mapped the crab's dopaminergic system. We found a prominent and wide distribution of DA-synthesizing neurons throughout the central nervous system. In particular, a distinctive dopaminergic pattern was found in the internal medulla, an area in which the visual danger stimulus (i.e., the aversive US) is initially processed (Tomsic et al. 2003) , suggesting that they might be involved in memory formation.
Dopamine is required for a contextual aversive memory formation
Firstly, we addressed the involvement of the dopaminergic system in aversive memory formation by blocking DA receptors. We found that three different DA-receptor antagonists (chlorpromazine, fluphenazine, and SCH23390) impair aversive memory, when applied 30 min before training (Fig. 1) , without affecting the animal's acquisition (Fig. 2) . Although the specificity of all of these drugs has not been tested in crabs, the fact that three distinct DA-receptor antagonists similarly impaired aversive memory indicates that the observed effects are a consequence of the blockade of DA receptors. Thus, DA receptors do, indeed, play a fundamental role on this mnemonic process. Interestingly, we found a very narrow time interval of DA requirement during memory formation. That is, the DA-receptor antagonist fluphenazine impairs memory retention only when applied 30 min before training (Fig. 3) and its amnesic effect is already observed 3 h after training (Fig. 4) . It is possible that the injections applied outside of this time interval do not provide an optimal drug concentration during the critical period in which DA is required for memory formation. The time window of efficacy of DA-receptor antagonists that we report in this work is very similar to the one reported in other learning paradigms in insects (Unoki et al. 2005 (Unoki et al. , 2006 Vergoz et al. 2007 ), which supports the idea of a common mechanism of action of DA across different species and memory models. While a number of studies reported a key role of the dopaminergic system in aversive memory by means of blocking DA receptors (Unoki et al. 2005 (Unoki et al. , 2006 Vergoz et al. 2007 ), until now, no studies have directly analyzed the effect of DA as an agonist on this process. Here, we show that exogenous DA facilitates a weak aversive memory when administered before training (Fig. 5) . The effect of DA is blocked when the amine is coinjected with its antagonist fluphenazine (Fig. 6A) , providing additional evidence of the specific action of both drugs. Thus, these results demonstrate that a weak memory can be strengthened by increasing DA levels. We suggest that exogenous DA combines with the internal dopaminergic signal induced by the weak training protocol, emulating the effects of a stronger protocol, making it possible to establish a long-term memory.
Interestingly, identical results to the ones obtained in the present work with DA and DA-receptor antagonists have been reported in previous studies in this crab using PKA activators and inhibitors, respectively (Romano et al. 1996; Locatelli et al. 2002; Locatelli and Romano 2005) . Pharmacological activation of PKA during learning was found to improve long-term memory formation after a weak training protocol, while inhibition of PKA during learning impaired long-term memory measured 24 h after a strong training protocol. In addition, the limited time window of efficacy of the drugs that act on the cAMP-PKA pathway coincides with the one obtained in the present study with the pharmacological treatments that affect the dopaminergic pathway. Remarkably, several DA-receptor subtypes were recently sequenced and characterized in the lobster Panulirus interruptus, confirming that dopaminergic transmission in crustaceans is transduced by G-protein-coupled receptors that modify cAMP levels in the cells Baro 2006, 2007) .
From our results and the above-mentioned studies, we suggest that DA conveys at least a component of the aversive signal in the crab's nervous system that is transduced by the cAMP-PKA pathway, and allows animals to form an associative aversive memory, i.e., the context-VDS memory.
Dopamine impairs an appetitive memory
A recent report based on the appetitive and the aversive memory paradigms in the crab showed that octopamine (OA) plays contrasting roles in appetitive and aversive memories: While octopaminergic signaling is required for appetitive memory formation, it has a deleterious effect on aversive memory consolidation (Kaczer and Maldonado 2009 ). We further hypothesized that DA may also play such a dual role, but symmetric to the one of octopamine. In this sense, previous works in insects have described a dopaminergic modulation appetitive memory. A seminal work by Mercer and Menzel (1982) reported that injection of DA impairs retrieval of appetitive memory in honey bees. Along the same line, a more recent study by Krashes et al. (2009) revealed a set of dopaminergic neurons that controls the retrieval of appetitive memory in Drosophila. Both studies indicate that DA hinders expression of appetitive memory, but not its acquisition or storage. In contrast to these results, the studies by Selcho et al. (2009) and Kim et al. (2007) showed that a dopaminergic component is actually needed for appetitive learning and memory.
In the present study we found that DA impairs long-term appetitive memory when injected 30 min before training (Fig.  7A) , and that this effect is blocked by a coinjection with a DA-receptor antagonist (Fig. 7B) . DA administration did not affect the crab's exploratory activity or feeding behavior, thus suggesting that the amine's effect is not due to impairment of the crab's motivational state. Furthermore, since there is a 2-d interval between the time of DA administration and the time of the testing session, and also considering that the half-life of DA was shown to be in the order of minutes in a related crab species (Hoeger and Florey 1989) , it is very unlikely that DA has affected appetitive memory by interfering during retrieval. Also, several studies in insects found that injections of DA are effective 30 min after drug application, and its effect vanishes 1 h after injection (Menzel et al. 1990; Scheiner et al. 2002) . Thus, we propose that the most reasonable explanation for our results is that DA interferes with appetitive memory formation during an early stage of the consolidation process. However, we cannot rule out that retrieval could also be modulated by DA if the injection time occurred close to the testing session.
Dopaminergic system in the brain of Chasmagnathus
Behavioral and pharmacological results of the present study provide an insight into how two different memory processes can be differentially modulated by DA. From this, it is suggested that DA is involved in the circuitry related to formation of aversive and appetitive memories. This motivated us to localize DA-synthesizing neurons in the central brain of the crab Chasmagnathus, which could provide neuroanatomical support for the effects of DA on memory.
The distribution of DA in the nervous system has been mapped in a number of crustacean species (Cournil et al. 1994; Schmidt and Ache 1994; Wood and Derby 1996; Schmidt 1997; Tierney et al. 2003) . These studies indicate that DA-containing neurons occur in all ganglia of the central nervous system with a widespread distribution and extensive processes. From the architecture of the dopaminergic system, it was suggested that DA could play an important role in modulating neural activity and in coordinating neural circuits (Tierney et al. 2003) . In agreement with other crustacean species, we found dopaminergic neurons all across the central brain of Chasmagnathus (Fig. 8C,D) . TH-stained neurons project distally and interconnect several neuropils of the supraoesophageal ganglia. This pattern would be consistent with a role of DA acting as a neurotransmitter of multisensory and integrative pathways. Interestingly, a series of studies have indicated that the central complex, a prominent structure in the central brain of insects, is involved in visual pattern memory (Liu et al. 2006; Pan et al. 2009 ) and spatial orientation memory (Neuser et al. 2008) . Considering that a possible homology has been suggested between the central body of crustaceans and that of insects (Utting et al. 2000) , and that we found a number of dopaminergic fibers connecting the optic neuropils with the central body, it would be interesting to analyze the role of this area in the formation of the aversive visual memory. In addition, we found a conspicuous pattern of putative dopaminergic neurons in the optic ganglia of Chasmagnathus (Fig.  8A,B ) that is consistent with a previous report in the crayfish visual system (Wood and Derby 1996) . TH-positive neurons are homogenously distributed across different neuropils of the optic ganglia, which consist of a retinotopic array of columnar projection neurons (Sztarker et al. 2005) . The distribution of the staining suggests that dopaminergic neurons could be an intrinsic part of neural arrays involved in local processing of visual information. Interestingly, it has been shown in Chasmagnathus that tangential neurons that collect information from the columnar elements in the optic neuropils respond to moving objects and show longlasting plasticity upon iterative presentation of the same visual danger stimuli that we used in the present study (Tomsic et al. 2003) . From this and our present results, we suggest that the action of the dopaminergic neurons in the optic ganglia might be involved in the plasticity of the motion-sensitive neurons and the formation of the aversive visual memory.
Dual role of biogenic amines in appetitive and aversive memories
Taking together the results of the present study about DA action in aversive and appetitive memories in the crab, and a previous one about the role of OA in these processes (Kaczer and Maldonado 2009) , we find that these amines mirror each other in their actions.
We propose that each biogenic amine (OA and DA) has a dual action on memory processes: on the one hand, they mediate the appetitive and the aversive signal throughout training, instructing the nervous system about the value of the unconditioned stimulus (Giurfa 2006) , while on the other hand, they interfere with the opposite learning. The results of the present study indicate that endogenous DA would accomplish the instructive function during aversive memory formation, and previous data suggested that OA would have a similar function in appetitive memory. In addition, it was demonstrated that both amines have a detrimental effect on the memories of opposite sign (Kaczer and Maldonado 2009; this work) . Thus, we propose that the DA-ergic and OA-ergic systems should not work disjointedly, but interact in a coordinated manner during memory formation to provide adaptive behavior and avoid conflicting behavioral outputs. A neuroanatomical basis for this interaction is becoming comprehensible after several studies started mapping and measuring the dopaminergic and octopaminergic inputs into the mushroom bodies in Drosophila (for review, see Waddell 2010) .
Finally, it is interesting to discuss how the nervous system labels as "appetitive" or "aversive" a certain stimulus or experience. Is it a binomial categorization, or is it a continuum of different hedonic values ranging from purely appetitive to purely aversive? We think that pure appetitive or aversive experiences do not exist in nature. Instead, actions or stimuli are linked to a number of concurrent appetitive and aversive consequences. Thus, the categorization of a conditioned stimulus as predictor of an appetitive or aversive consequence must arise from the balance reached by both competing components. In line with this interpretation, a recent work performed in honey bees showed that at least part of the aversive component that reduces the acquisition of the appetitive response during conditioned taste aversion is mediated by DA (Wright et al. 2010) . We provide here and in a previous work (Kaczer and Maldonado 2009 ) evidence of the competition between appetitive and aversive signals during memory formation in the crab Chasmagnathus. According to our results, the appetitive and aversive pathways are mediated by OA and DA, respectively. These amines are not only involved in appetitive and aversive memory formation, but also exert a detrimental action on memories of the opposite sign.
Materials and Methods
Animals
Intermolt adult male Chasmagnathus granulatus (Decapoda, Brachyura, currently also designated Neohelice granulata) crabs, 2.7-3.0 cm across the carapace, weighing around 17.0 g, were collected from water ,1 m deep in the narrow coastal inlets of San Clemente del Tuyú , Argentina, from December to August (excluding the reproductive season). In the laboratory, crabs were maintained on a 12:12 h light:dark cycle, in collective tanks (20 animals each) filled to a depth of 2 cm with 12% artificial seawater prepared with hw-Marinex (Winex, Germany) salt (pH 7.4-7.6). The holding and the experimental rooms were both maintained between 22 and 248C. Experiments were carried out within the first week after the animals' arrival. Each crab was used only in one experiment. Experiments were carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH publication 80-23/96), USA, and with local regulations.
Experimental design
Each experiment included two sessions: training and testing, performed on different days. In each experiment, pairs of groups were formed and each pair included one trained (T) group that received the US during the training session, and one untrained (U) group that stayed in the training context during the whole session without receiving the US. Immediately after the training session, crabs were removed from the training arena to be housed individually in resting containers, i.e., plastic cylinders covered to a depth of 0.8 cm with water, and kept inside dimly lit drawers.
The training context consisted of a bowl-shaped opaque container with a steep concave wall 12-cm high (23 cm top diameter and 9 cm floor diameter) covered to a depth of 0.5 cm with artificial sea water, where the crab was lodged during each experiment. The setup is illuminated from above by a 10W lamp. The appetitive and the aversive paradigms had the same training context. Exploratory and escape behavior were obtained from the total distance covered by each crab during each experimental session, measured by means of video motion tracking (2 Hz), expressed in arbitrary units. Each crab was marked with a dot of yellow paint in the center of the cephalothorax the day before the experiment and then video recorded at training and testing. Custom-designed software determined the coordinates of the yellow spot at each time point, which allowed us to track animal's position and obtain a numeric value for the total distance explored or escaped by each crab. The figure moved downward and upward (Lozada et al. 1990) twice, first closely approaching the animal (without touching it) and then moving away up to the initial position, during 9 sec. Two types of training protocols were used. The strong training protocol consisted of 15 presentations of the VDS and the weak training consisted of five VDS presentations; in both cases, the trials were separated by 3-min intervals. The initial response to this aversive stimulus was to escape from the VDS, and this response declines upon repetitive VDS presentations (Lozada et al. 1990 ).
Aversive paradigm
Testing
Crabs were tested 24 h after training. They were placed again in the training context and received one VDS presentation (test trial) after a 5-min adaptation period. The change in the response was a reduction in the level of escape evoked by the VDS (Pereyra et al. 2000) .
Memory
A trained (T) group is said to show memory retention when its mean response level at test trial is statistically lower than that of the respective untrained (U) group.
Appetitive paradigm
Training
Animals were placed in the training context, and after 5 min they received a food pellet of 80 mg (rabbit-chow, Nutrientes S.A.), left for 30 min. The initial response to the appetitive stimulus was to explore the container before its first contact with food. Once the animals found the pellet, they consumed it immediately, breaking it into pieces with their chelae.
Testing
Crabs were tested 48 h after training. They were placed again in the training context and stayed there for 5 min. The conditioned response was a more intensive context exploration (Kaczer and Maldonado 2009 ).
Memory
A trained (T) group is said to show memory retention when its mean explored distance is statistically greater than the respective untrained (U) group.
Data analysis
Memory retention was assessed, focusing data analysis on test trial scores, by estimating the difference between the T group and the respective U group of each pair. Rescorla (1988) convincingly argued in favor of using this sort of analysis instead of a paired training-testing comparison, stressing the need to clearly distinguish between time of input (training session) and time of assessment (testing session). A basic prediction of our analysis is that in both aversive and appetitive paradigms a significant U-T difference is invariably disclosed at the test session. Based on this prediction, results in all cases were analyzed with a priori planned comparisons LSD using a weighted means ANOVA with a ¼ 0.05 (per comparison error rate), according to the standard method (Rosenthal and Rosnow 1985; Howell 1987) . In every experiment the following contrasts were carried out: between each U group and its respective T group, to evaluate memory retention, and between U groups, to analyze any unspecific drug effect. No significant difference between U groups was disclosed throughout this study. A significant U-T difference is the operative definition of "memory retention;" while a nonsignificant U-T difference is an operative definition of "memory impairment" resulting from a treatment or experimental factor.
Drugs and injection procedure
Crustacean saline solution (in molar concentrations: NaCl 0.45, CaCl 2 0.015, MgCl 2 0.021, KCl 0.01) was used as a vehicle. Fifty microliters of saline or drug solution were injected through the right side of the dorsal cephalothoraxic-abdominal membrane by means of a syringe fitted with a sleeve to control the depth of penetration to 4 mm, thus ensuring that the injected solution was released in the pericardial sac. The lack of an endothelial blood-brain barrier in crabs (Abbott 1970) together with the fact that blood is distributed throughout an extensive capillary system (Sandeman 1967) makes it possible for the injected drugs to reach the neuropil areas of the brain. Drug solutions were prepared to inject: Dopamine 0.1 mM; Fluphenazine 1 mM, Chlorpromazine 1 mM, and SCH23390 1 mM. Final drug concentrations in hemolymph were estimated as 1:100-fold diluted, considering that the hemolymph volume is 5 mL (Gleeson and Zubkoff 1977) . All drugs were purchased from Sigma Aldrich.
Immunohistochemistry
Animals were cooled in ice-water for 10 min before dissection. Supraoesophageal and optic lobes were dissected in 4% paraformaldehyde and fixated for 2 h at room temperature. The following steps were performed at 48C under gentle shaking. After fixation, ganglia were washed in PBS (2 × 30 min) and permeabilized by a dehydration sequence of 10-min steps in 50%, 70%, 90%, 96%, and 100% ethanol, and rehydration back to distilled water. The ganglia were rinsed in PBS (2 × 30 min) and blocked overnight in PBS 0.01 M, BSA 2%, and TritonX100 0.1%, NGS 5%. After blocking, ganglia were washed in PBS (2 × 30 min) and incubated for 72 h with anti-Tyrosine hydroxylase antibody (Ab152: Chemicon) diluted 1/50 in PBS 0.01 M, Tween 0.3%, NGS 1% preserved with sodium azide. The first antibody was removed and the ganglia washed (3 × 2 h) in PBS 0.01 M and further incubated with an Alexa Fluor 488-labeled goat anti rabbit antibody (Invitrogen A11008) 1/500 in PBS 0.01 M for 48 h. The secondary antibody was removed and the ganglia were washed three times for 30 min, plus one wash overnight in PBS, Tween 0.3%. Samples were finally dehydrated in 50%, 70%, 90%, 96%, and 100% ethanol steps, 10 min each, and whole mounted in metylsalicylate. All ganglia were viewed using a confocal microscope Olympus FV300 and a 488nM Argon laser. Optic slices were 1-mm thick. Control procedures omitting the first antibody did not show any staining.
